Structural understanding of subtype specific ligand-binding pocket variations and interactions of ligand with receptor may facilitate design of novel selective drugs. To gain insights into the subtype selectivity of β-blockers we performed flexible molecular docking study to analyze the interaction mode of cardioselective phenoxyaminopropanol blocker into the β 1 and β 2 -adrenergic receptor. The binding site analysis reveals a strong identity between important amino acid residues and interactions with ligand in orthosteric catecholamine-binding pocket. The differences in the binding mode of selective ligand have been identified in the extracellular region of receptor subtypes.
INTRODUCTION
G-protein-coupled receptors (GPCRs) constitute the largest family of integral membrane proteins mediating a variety of physiological and pathophysiological processes with almost 900 members. It has been estimated that one-third of all pharmaceuticals used today act through GPCRs (Heilker et al., 2009) . GPCRs also known as seven transmembrane receptors, share a common molecular architecture consisting of seven transmembrane helix bundle linked by three intracellular and three extracellular loops with intracellular C terminus and extracellular N terminus (Topiol et al., 2009) . GPCRs are an integral part of the plasmatic membrane and their crystallization and structural evaluation is somewhat problematic due to their inherent instability and conformational mobility. The first successfully solved GPCR 3D-structure was bovine rhodopsin reported in year 2000 (Okada et al., 2000) . Over the last decade, the number of GPCRs crystals has increased remarkably and until today crystal structures of β 1 -adrenergic receptor (β 1 -AR) and β 2 -adrenergic receptor (β 2 -AR), A 2A adenosine, CXCR 4 chemokine, D 3 dopamine, H 1 histamine, M 2 and M 3 muscarine, S 1 P 1 spingosine, μ, κ, and δ-opioid receptors are available (Jacobson et al., 2012) . Nevertheless, the vast majority of GPCR structures and their ligand complexes are still unsolved, and no structures are known outside A subfamily of GPCRs. The β 1 -AR and β 2 -AR belong to a few GPCRs whose 3D-structure has been solved even for their structural subtypes, and high-resolution picture of ligand-binding pockets provides opportunities to the rational receptor-based development of subtype-selective ligands (Rasmussen et al., 2007; Warne et al., 2008) . Antagonists and inverse agonists of β-adrenergic receptors (β-ARs), β-blockers, are widely prescribed drugs for the treatment of many cardiovascular diseases or indications of such problems. β-ARs could be divided into 3 subtypes: β 1 -ARs, β 2 -ARs and β 3 -ARs. The therapeutic activity of β-blockers is attributed to the blockage of β 1 -ARs predominantly expressed in cardiac tissue. β 2 -ARs are present mainly in the smooth muscle of the peripheral circulation and bronchi. The third subtype β 3 -AR is predominantly located in adipose tissue and plays a role in regulating the gastrointestinal tract and bladder smooth muscle (Hieble, 2000) . An important difference between clinically used β-blockers is their selectivity for the β 1 and β 2 -AR subtypes. However, this selectivity is only relative and dose dependent and the search for compounds that selectively inhibit activity of individual receptor subtype is an important aim in medicinal chemistry . Extensive mutational analysis and crystal structures of β 1 -ARs have established the most important amino acid residues of transmembrane helix 3 (TM3), transmembrane helix 5 (TM5), transmembrane helix 6 (TM6) and transmembrane helix 7 (TM7) involved in receptor activation or blockage that form the orthosteric ligandbinding site. Some of these receptor interactions are common for agonists and antagonists alike, while the others are specific for agonists only. The main structural change of orthosteric binding site after agonist binding, is the contraction of ligandbinding pocket about 1Å and rotamer conformational changes of Ser 5.45 and Ser 5.46 relative to the antagonist bound receptor (Warne et al., 2011) . Throughout this paper the uppercase numbering of amino acids is based on the unique Ballesteros-Weinstein nomenclature of sequence A subfamily GPCRs based on the position of the residue relative to the most conserved position in specific TM helix (Ballesteros & Weinstein, 1995) . To distinguish numbering in β 1 -AR and β 2 -AR, the absolute number of the residue in sequence of particular receptor subtype is written by standard Arabic numerals. The anchoring and the most important interaction in β-ARs is polar interaction between carboxyl group of Asp 3.32 on TM3 and propanolamine nitrogen of ligand found in all amine receptors (Horn et al., 1998 . All of these residues are identical to those in human β 2 -AR (Warne et al., 2011) . Until now none of the reported β-AR crystal receptor complexes possess selective ligand binding. To explain why some ligands preferentially bind to either β 1 -AR or β 2 -AR, the knowledge of differences in amino acid residues close to the ligand-binding pocket that could affect ligand binding is necessary. The purpose of our laboratory research is focused to the development of novel selective β-blockers of aryloxyaminopropanol type. The position pattern of substituent, such as ortho-/meta-/para-, frequently leads to a significant effect on the chemical behavior and even to the biological action of a compound based on its efficacy, toxicity and selectivity. Substitution in the para-position relative to the oxyaminopropanol chain of phenoxyaminopropanol based drugs, such as metoprolol, bisoprolol, betaxolol, atenolol, practolol, modulates the efficacy of these compounds to the higher β 1 -selectivity. In the past years a large set of ortho and para-substituted β-AR blockers has been synthesized and biologically examined, among which 1-{3-(propoxymethyl)-4-[2-hydroxy-3-{3,4-dimethoxyphenethylamino}propoxy]phenyl}propane-1-one (PHEP) (Figure 1 ) with excellent selectivity ratio β 1 / β 2 =977 was identified (Čižmáriková et al., 2003) . 
COMPUTATIONAL DETAILS
All calculations were performed on Lenovo ThinkStation S20 computer and Sybyl-X1.3 molecular modeling package in evaluation version (Sybyl, 2011) . The ligand structure was built in sketch module using standard geometric parameters and optimized by AM1 method with gradient 0.01 kcal/(mol Å). The Flexidock method implemented in Sybyl-X1.3 was used for molecular docking. Flexidock scores all the positions and calculates the binding energy with van der Waals, electrostatic, torsion, Hbonding and constraint energy terms of Tripos force field and generates top 20 conformations. The binding pockets of β 1 -AR and β 2 -AR were defined to cover all residues within 4Å of the co-crystallized ligand. All single bonds of amino acid residue side chains inside the binding pocket were defined as flexible. The docked ligand was allowed to rotate on all of the single bonds. After the crystallographic water molecules were removed and hydrogen atoms added, appropriate atomic charges were recalculated using Kollman all-atomic parameterization for the proteins and AM1 charges for the ligand. Amine nitrogen of aminopropanol chain of ligand was considered as protonated assuming ionic interaction with carboxyl group of Asp121/113 3.32 . The docked ligand PHEP was prepositioned in the ligand binding cavity using the original position of co-crystallized carazolol as a template for the starting position for Flexidock search. Default Flexidock parameters with maximum number of 60000 generations were set. Finally, docked receptor-ligand complexes were energy-minimized by using Powell minimization with a gradient of 0.01 kcal/(mol Å) and 10000 cycles to remove potential bad clashes. From the resulting receptor-PHEP complex of β 1 -AR and β 2 -AR those docked structures were selected that possess crucial interaction of ligand with Asp 3.32 and achieved the highest docking score.
RESULTS AND DISCUSSION
Flexible ligand docking was performed with Flexidock method that uses a genetic algorithm to probe conformational space by defining possible interactions between the ligand and its putative binding site. The X-ray crystallographic structures 2YCW of β 1 -AR and 2RH1 of β 2 -AR, both with carazolol as co-crystallized ligand deposited in Protein database were used in the docking experiments. In order to validate the accuracy of the proposed receptor-ligand structure, Flexidock was performed to check the binding mode of co-crystallized carazolol. Carazolol was extracted from the binding pocket and subsequently docked into its original pocket. The Flexidock program was able to match the ligand-protein geometry and hydrogen bonding pattern seen in the crystal for both the β 1 -AR and β 2 -AR subtypes with RMSD values of 0.5069 and 0.5350 Å respectively. The ligand-binding pocket of β-ARs forms a narrow deep cleft that is largely concealed from solvent ( Figure 3) . As the orthosteric ligand-binding site has the same spatial and amino acid structure for β 1 -AR and β 2 -AR, the resulting position of docked PHEP also is very similar in both receptor subtypes. (Borchard, 1998; (Čižmáriková et al., 2003) are presented in Table 1 . . Compared to nonselective co-crystallized carazolol, PHEP possess bulky aromatic substituent -dimethoxyphenylethyl group on aminopropanol nitrogen and propoxymethyl chain in the neighboring position (Figure 1 ). These substituents make additional contacts in the extended ligand binding pocket in the nonconserved region of extracellular loop 2 (ECL2) and extracellular loop 3 (ECL3) (Figure 4 ). hydrophobic cluster is in close proximity to the disulphide bridge highly conserved among A subfamily GPCRs connecting the anti-parallel β-sheet in ECL2 with the top of TM3 and stabilizing the rigidity of the entrance of receptor (Fig. 4) . The ECL2 and ECL3 can contribute to the specificity of ligand binding by directly forming part of extended ligand-binding cavity (Peeters et al., 2011) . Similar phenomenon was observed in studies on ligand selectivity in adenosine A 2A receptor where long sidechain of the selective receptor antagonist protrudes out of the transmembrane region into the extracellular area (Jaakola et al., 2010) . Interactions with nonconserved extracellular region as the determinant of ligand selectivity have been confirmed also for muscarinic receptor ligands (Johannes et al., 2009) .
CONCLUSION
High resolution 3D-structure of β 1 -AR and β 2 -AR represents important template for virtual screening of selective GPCR ligands. We performed molecular docking study of highly selective β-blocker into the β 1 -AR and β 2 -AR. Studied cardioselective ligand provides additional interactions with the extended ligand-binding pocket of the receptor compared to nonselective co-crystallized ligands. The obtained results unveil that it is possible to discriminate among the binding modes of β-AR subtypes by specifying different amino acid interactions of selective ligand in the extracellular region. Outcomes of our study are consistent with reported results for adenosine and muscarinic GPCRs.
ŠTÚDIUM VÄZBOVÉHO MÓDU KARDIOSELEKTÍVNEHO BLOKÁTORA FENOXYAMINOPROPANOLOVÉHO TYPU V PODTYPOCH Β-ADRENERGNÉHO RECEPTORA METÓDOU MOLEKULOVÉHO KOTVENIA
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Porozumenie štruktúrnym variáciám podtypovo-špecifických ligandviažucich miest a interakcií ligandu s receptorom môže uľahčiť návrh nových selektívnych liečiv. Na bližší náhľad na podtypovú selektivitu β-blokátorov a analýzu interakčného väzbového módu kardioselektívneho blokátora v β 1 a β 2 -adrenergnom receptore sme použili metódu flexibilného molekulového kotvenia. Analýza väzbového miesta preukázala identitu dôležitých aminokyselinových reziduí a interakcií ligandu v ortostérickom mieste katecholového priestoru. Rozdiely vo väzbovom móde selektívneho ligandu boli identifikované v mimobunkovom priestore jednotlivých podtypov receptora.
